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Abstract: The application of pulse DC power supply resulted in a significant advan-
ce of plasma surface processing of materials compared to continuous DC supply. The 
synthesis of new materials and various surface structures formation was provided, as well 
as a reliable operation due to introduction of new process parameters such as pulse frequ-
ency and duty cycle and due to suppression of glow-to-arc transitions. As a result, physical 
and chemical processes on the material surface can be controlled by new pulse generator 
parameters, but their complex dependence on cathode physical properties and cathode geo-
metry, as well as on working gas composition remained. On the other hand, time and space 
process efficiency is to some extent lowered compared to continuous DC plasma treatment 
due to periodic transition to the stationary state. In order to improve process efficiency, pul-
se generator parameters should be set to provide system transition to the stationary state du-
ring the pulse period.  

In this paper we investigated gas discharge static characteristics, after the discharge 
spread over the whole cathode surface. It was found that static discharge characteristics we-
re mostly dependent on the working pressure. The static resistance of the discharge decrea-
sed with increasing of discharge voltage and decreasing the cathode temperature. It was 
concluded that the cathode heating can be performed at the constant discharge current by 
slowly increasing pulse power supply voltage.  

Keywords: gas discharge, static characteristics, pulse plasma processes, surface tre-
atment.  

 
 

INTRODUCTION 
 
Introduction of pulsed direct current power 

supply in plasma deposition and diffusion processes 
provided significant advance in new materials syn-
thesis and plasma surface engineering, as well as in 
control and stability of processing. Compared to 
continuous DC supply, the number of parameters 
which determine the quality of treated surface, pro-
cess characteristics and operating procedure is incre-
ased. The power supply pulse frequency, duty cycle 
and output voltage level directly influence the pro-
perties of surface structure and quality, while the 
process stability and control are improved by a rela-
tively simple arc suppression system and post rela-
xation time adjustment [1−3].  

In addition, the complexity of workpiece ge-
ometry and topology of the pulse generator output 
circuit influence the process control. A system for 
plasma treatment which consists of two complex ge-
ometry electrodes (anode and cathode) placed in the 
vacuum chamber filled with the binary gas mixture, 

may be considered as a gas diode with the cathode 
temperature, total gas pressure and gas mixture co-
mposition as the characteristic parameters. The cont-
rol and the results of a reactive DC pulse plasma pr-
ocessing depend on the substrate surface character-
istics, process parameters, system geometry and 
power supply characteristics [4]. 

The analysis of the electrical response of pro-
cessing gas discharge as a load is important in terms 
of the development of process control algorithm as 
well as for better understanding of thermo-chemical 
processes. The data on the thermo-chemical proce-
sses is partially included in the signal waveforms. 
Glow discharge in the case of unipolar DC pulse bi-
asing includes the discharge ignition, transition to 
the stationary state with characteristic relaxation ti-
mes for various processes and for discharge spre-
ading over treated surface, stationary state operation 
and discharge breakdown [3,4].  

After the completion of time-space transition 
processes which are related to system dynamic 
characteristics, glow discharge reaches the stationary 
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state determined by system static characteristics 
[5−8]. The gas discharge static characteristics are d-
ominant in the case of low frequency unipolar pulse 
biasing at high duty cycle ratio. In this case the pro-
cess efficiency is improved, but the possibility of 
discharge instabilities occurrences in the form of 
glow to arc transition is enhanced. This paper deals 
with the analysis of gas discharge static characteri-
stics in the case of unipolar pulsed DC plasma surfa-
ce treatment of the material in diode system configu-
ration.  

 
 
GAS DISCHARGE EQUIVALENT  
PARAMETERS 
 
The measurements were performed by reco-

rding the gas diode voltage and current waveforms 
in grounded anode cold wall vessel configuration as 
shown in experimental setup presented in Fig. 1. The 
working atmosphere pressure adjustment was made 
in the dynamic regime by balancing the hydrogen 
flow rate and pumping speed using corresponding 
control valves. The electrical signal waveforms were 
recorded over the range of working pressures chara-
cteristic for the active surface treatment and also at 
low pressure range when ion-bombardment is used 
for workpiece surface cleaning and for cathode hea-
ting process. The frequency of the generator unipo-
lar DC pulses was varied in the range from 90 Hz to 
20 kHz, while the duty cycle ratio was in the range 
from 5% to 96%.  
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Figure 1. Simplified plasma deposition system  and 
corresponding  equivalent electrical circuit  
 
 Based on the analysis of the electrical signal 

waveforms, the equivalent electrical circuit of the 
system presented in Fig. 1 was obtained. The output 
stage of pulse generator provided the voltage level, 

frequency and duty cycle tuning through the control 
of the switching IGBT transistor. The circuit for the 
interconnection of the vacuum chamber and genera-
tor output consists of current limiting resistor and 
power lines. The coupling circuit electrical model 
includes the parasitic inductance of a current limi-
ting resistor. The gas discharge electrical model was 
determined based on analysis of low pressure system 
response when cathode voltage shape corresponds to 
the first order circuit response. As the vacuum cham-
ber physically represents a capacitor with the wor-
king gas being imperfect dielectric, the gas diode 
was modeled by the equivalent discharge resistance 
and capacitance connected in parallel. [2,4,7]. 

Since the gas diode physically represents an 
electrical load in the form of two electrodes placed 
in the vacuum chamber filled with the gas mixture at 
low pressure, an increase in gas molecule concentra-
tion with the increase of total gas pressure is expec-
ted. As a result, an increase in the gas diode equiva-
lent capacitance is expected due to the increase of 
gas dielectric constant cased by increased concentra-
tion of atoms and molecules [9]. The discharge equi-
valent capacitance is not analyzed in this paper since 
it determines system dynamic behavior during the 
transition processes in the gas diode and has no di-
rect implication on gas discharge static characteri-
stics. 

In the simple approximation, after the dischar-
ge transition to the stationary state, the electrical be-
havior of the gas diode can be represented by a ratio 
of the cathode voltage level and discharge current in 
the form of gas discharge static or equivalent resi-
stance. At low pressure, after the transition of dis-
charge to the stationary state the generator output 
voltage corresponds to the cathode voltage since the 
nominal discharge current produces negligible volta-
ge drop over the current limiting resistor.  

The diode static equivalent resistance depends 
on the total gas discharge pressure. In stationary re-
gime, a decrease of the gas discharge equivalent re-
sistance with the increase of the total gas pressure is 
expected. This is a consequence of amplification of 
the gas ionization processes which result in increa-
sed concentration of generated charge particles. The 
discharge current is increased due to charged partic-
les recombination at the electrodes even at no or 
small increase of discharge voltage. The equivalent 
discharge resistance determines the electrical beha-
vior of the gas diode as a load after the discharge 
transition to the stationary state.  

The discharge current in stationary regime va-
ries significantly with the variation of the total gas 
pressure but is also dependant on the cathode tempe-
rature and binary gas mixture composition. The gas 
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discharge equivalent parameters related to discharge 
current are also dependant on total gas pressure, gas 
mixture composition, cathode temperature, cathode 
geometry and cathode material properties. During 
surface treatment the initial steps of surface cleaning 
by the ion bombardment is performed at low 
discharge pressure, while the workpiece heating and 
its surface treatment require total pressure in the or-
der of few milibars. Therefore, the recording of gas 
discharge static characteristics was performed at low 
and working pressure regimes.  

 
 
EQUIVALENT STATIC RESISTANCE  
AS A FUNCTION OF PRESSURE  
 
The discharge static resistance is defined as a 

ratio of the cathode voltage level and discharge cur-
rent in the stationary state and is given by the relati-
on: 

eR p
qv

p

U

I
       (1) 

In relation (1), Up and Ip represent the voltage 
across the gas diode (negative cathode voltage) and 
discharge current after the gas transition to the stati-
onary state, respectively. 

Fig. 2 presents the equivalent gas discharge 
static resistance vs. total gas pressure at low dischar-
ge pressure region.  
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Figure 2.  Gas discharge static resistance as a function of 
pressure in low pressure region 

 
In low pressure region the gas discharge static 

resistance as a function of pressure may be approxi-
mated by the relation: 

1 2/ /
e 0 1 2R ( ) p p p p

qv p y y e y e       (2) 

The coefficients y0, y1, y2, p1 i p2 in relation (2) 
were calculated by incorporating the experimental 
data given in Fig. 2. The analysis based on relation 
(2) and the experimental data from Fig. (2) show 
that in low pressure region the gas discharge static 
resistance varies in several order of magnitude. In 
the stationary state, the gas discharge diode as a load 
connected to pulse power supply may be presented 
as an equivalent resistance which is very sensitive to 
total operating pressure variation. The exact value of 
the equivalent resistance depends on the vacuum 
chamber geometry and shape of electrode shape and 
properties of material. 

 
 
GAS DISCHARGE STATIC 
 CHARACTERISTICS 
 
At the given cathode voltage level the dischar-

ge current depends on operating pressure since the 
gas discharge static resistance is pressure dependent. 
Additionally, gas discharge current varies with a 
change of the cathode temperature for given cathode 
voltage. The cathode temperature was measured by 
K-type thermocouple mounted in the cathode and 
electrically insulated from the cathode potential. The 
current-voltage characteristics of the gas discharge 
diode at different cathode temperatures in stationary 
state are presented in Fig. 3. The experiments were 
performed for the cathode temperatures from 175°C 
to 440°C.  
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Figure 3.  Current-voltage characteristics  at  different 
cathode temperatures in stationary state 

 
As it can be seen in Fig. 3, an increase in cat-

hode temperature causes a decrease of discharge cur-
rent at the same generator output voltage. It is possi-
ble to keep the constant discharge current during the 
ion bombardment heating of the cathode by smooth 
increase of the cathode voltage. This is important in 
the case of plasma nitriding process in cold wall ves-
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sel configuration and is confirmed in the experiment. 
The gas discharge static resistance, calculated as the 
ratio of the cathode voltage and discharge current in 
stationary state, increases with the rise of cathode 
temperature.  

The dependence of the gas discharge static re-
sistance on the cathode temperature is given in Fig. 
4 at the plasma generator output voltage level was 
varied in the range from 420 V to 520 V.  
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Figure 4. Gas discharge static resistance versus cathode 
temperature at different cathode voltages 

 
It follows from the diagram presented in Fig. 

4 that the gas discharge static resistance decreases 
with a rise of generator output voltage level. By the 
cathode voltage increase the energy transferred to 
free electrons in working gas from the external elec-
trical field increases, so that the concentration of 
charge particles generated in electron-gas molecules 
ionization processes also increases. The same con-
clusion could be drawn from the diagram presented 
in Fig. 3, where the gradient of current-voltage static 
characteristic is increasing with the generator output 
voltage increase, as it is the case when the cathode 
temperature decreases. This relation is illustrated 
with the equation: 
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Besides time-dependent transition processes 

related to particles interaction in the discharge, there 
is an occurrence of a "space"-dependent transition 
processes. In Fig. 5, the dependence of gas discharge 
static resistance vs. generator output voltage for dif-
ferent cathode temperature is presented.  

The analysis of data given in Fig. 5 indicated 
the existence of two regions in static resistance-
discharge voltage curves. At the given cathode tem-
perature, the equivalent resistance is significantly in-
creased below certain value of the output voltage. As 
a consequence, the corresponding discharge current 
significantly decreases. These characteristic output 
voltage values define the voltage border line which 
separate the region of high static resistance. The bor-
der voltage line is shown in the diagram by a dashed 
curve.  

For the cathode voltage below the border va-
lue, the glow discharge partially covers the cathode 
surface. As a consequence, there is an unhomogene-
ity in space distribution of the discharge over the 
cathode surface leading to non-homogeneous surface 
treatment such as non-homogeneous coating proper-
ties. A similar effect could be noticed during the pla-
sma surface treatment at high frequency if the dura-
tion of the transition processes is comparable to the 
voltage pulse duration. There is a characteristic time 
for the discharge to spread over the cathode. If this 
time is lower than voltage pulse duration the entire 
cathode surface will be covered by the glow dischar-
ge, more homogenous surface treatment is to be ex-
pected and overall process efficiency enhanced. The 
voltage border line defines transition from normal to 
abnormal glow discharge characterized by an increa-
se in discharge current density with increasing out-
put voltage. The voltage border line separates the 
high resistance area from static regime of discharge 
operation which is used in surface treatment of ma-
terials. Depending on voltage pulse level and durati-
on, the static regime of glow discharge could not be 
attained in some cases due to the glow spreading 
"space"-dependant processes. 
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Figure 5. Gas discharge static resistance vs. generator 
output voltage in stationary regime at different cathode 

temperatures 
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The value of negative cathode voltage at 
which the glow discharge covers the whole speci-
men surface significantly increases with the cathode 
temperature increase, as it can be seen from the vol-
tage border line shown in Fig 5.  

As an example, at the cathode temperature 
equal to 440º C, the corresponding cathode voltage 
border value is near 460 V and discharge current re-
aches 5A. At lower cathode voltage levels plasma 
surface produced a non homogeneous surface struc-
ture due to non-homogenous temperature distributi-
on over the workpiece surface [10,11].  

It should be pointed out that the transition of 
reactive glow discharge to the equilibrium state is a 
two-step process which includes charge particles ge-
neration and formation of the active species respon-
sible for thermo-chemical processes on the treated 
material surface [8]. The electrical signal waveforms 
contain the information directly related to charge 
particles generation. In addition, a transition from 
normal to abnormal glow discharge characterized by 
the start of completely glow covered cathode surface 
can be detected by the offset of static regime as 
analyzed in this paper. The static regime of operati-
on provides homogeneous and efficient processes of 
pulse plasma surface treatment of materials.  

Based on the analysis of the presented 
discharge static characteristics it is possible to con-
clude that the glow discharge spreading is directly 
dependent on the generator output signal pulse and 
pause duration defined by frequency and duty cycle 
ratio and by the output voltage level of the pulsed 
plasma generator during the pulse interval. More 
complex discharge electrical model should contain 
voltage controlled non-linear model of the discharge 
equivalent impedance.  

The model of pulse DC discharge that qualita-
tively describes a decrease of the equivalent static 
resistance with the increase of the cathode voltage is 
presented in reference [12]. The results presented in 
this paper show that the discharge model verification 
should include dependence on the process and bia-
sing parameters, as well as validation of the overall 
system of electrical response which confirms the im-
portance of system electrical response analyses par-
tially considered in this paper. 

 
 
CONCLUSIONS 
 
The stationary regime of glow discharge used 

in pulse plasma surface treatment was analyzed in 
order to improve the control and efficiency of tec-
hnological processes. Besides the process parame-
ters, the electrical response of the system depends on 

plasma generator output signal, system construction 
and workpiece geometry. In the static regime the 
discharge impedance can be considered as an equi-
valent resistance the value of which varies with dif-
ferent parameters. It was shown that discharge static 
characteristics are mostly dependent on operating 
pressure value. In the cold wall configuration of the 
vacuum chamber heating of the workpiece by ion 
bombardment is possible to achieve at the constant 
discharge current by the gradual increase of the cat-
hode voltage level. The discharge current and conse-
quently the efficiency of the plasma surface treat-
ment, is also dependent on workpiece temperature 
and voltage level at the output of the plasma genera-
tor in the course of the pulse duration. The gas dis-
charge static resistance, defined as a ratio of the cat-
hode voltage and current after a glow discharge tran-
sition to the stationary state decreases with the gene-
rator output voltage increase, and the cathode tempe-
rature decrease. The static characteristics data provi-
des the information on the cathode coverage by the 
glow and consequently the information on the surfa-
ce treatment homogeneity and efficiency which can 
contribute to development of the algorithms for con-
trol of pulsed direct current plasma surface treat-
ment.  
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 
 

СТАТИЧКЕ КАРАКТЕРИСТИКЕ ГАСНОГ ПРАЖЊЕЊА  
У ИМПУЛСНОМ РЕЖИМУ 

 
Сажетак: Увођењем импулсног напајања остварен је веома значајан напредак 

у области плазма технике за обраду површине материјала. Осим синтезе нових мате-
ријала и формирања нових површинских структура, процесирање површина у им-
пулсној плазми омогућило је и знатно прецизнију контролу вођења поступка, али је у 
појединим примјенама просторно-временска ефикасност импулсног плазма процеси-
рања смањена у односу на систем са једносмјерним напајањем. Увођењем нових па-
раметара процеса, као што су учесталост и однос трајања напонског сигнала и перио-
де побудних импулса, физички и хемијски процеси у радној комори постали су зна-
чајно зависни од карактеристика побудних импулса. Са друге стране, остала је ком-
плексна зависност процеса од физичких карактеристика катоде, геометрије третиране 
површине и састава радног гаса. Ради унапређења ефикасности поступка, параметре 
побудног генератора потребно је изабрати тако да се у већем дијелу периода побуд-
них импулса гасно пражњење налази у стационарном стању у ком су завршени пре-
лазни процеси ширења гасног пражњења преко површине катоде. 

У овом раду анализиран је стационарни режим, односно утицај радног прити-
ска и температуре катоде на статичке карактеристике гасног пражњења и зависност 
статичких вриједности струје гасног пражњења од вриједности напонског нивоа на 
излазу импулсног генератора. Показано је да су статичке карактеристике највише за-
висне од радног притиска, док статичка отпорност опада са порастом излазног напо-
на генератора и са опадањем температуре катоде. Закључено је да се загријавање рад-
ног комада може вршити при константној струји пражњења уколико се излазни на-
пон генератора контролисано постепено повећава. 

Кључне речи: гасно пражњење, статичке карактеристике, процеси у импул-
сној плазми, површинска обрада.  
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